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THE  PROBLEM 

The  purposes  of  the  present  investigation  v/ere  fourfold: 

1 .  To  measure  precisely  the  dynamic  response  or  output  of  the  head  and  nedc 
to  input  acceleration. 

2.  To  measure  precisely  that  input  acceleration. 

3.  To  develop  c  method  of  retaining  the  data  in  sudi  a  form  that  automatic 
data  processing  may  be  used. 

4.  To  develop  and  validate  a  general  method  for  the  determination  of  the 
bioengineering  characteristics  of  the  human  body  with  such  precision,  accuracy,  and 
repeatability  that  a  mathematical  model  of  the  human  dynamic  response  to  impact 
acceleration  can  be  constructed. 

FINDINGS 

IVeliminary  results  have  provided  qualitative  information  concerning  the  dynamic 
response  of  the  head  and  neck  from  the  photo  data  system  used.  Quantitative  data  are 
limited  at  this  time  because  the  complete  electronic  data  train  system  has  not  yet  been 
used.  Uncorrected  digitized  data  from  an  analog  recording  of  transducer  outputs  of  one 
sled  trial  are  presented.  Detailed  analysis  of  dyrximic  response  and  other  data  is  in 
progress. 
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ADMINISTRATIVE  INFORMATION 


Trade  names  oF  materiais  or  products  of  c(»ninercial  or  nongov&nment  organizations 
are  cited  only  where  essentia!  tc  precision  in  describing  research  procedures  or  evalu¬ 
ation  of  results.  Their  use  does  not  constitute  official  endorsement  or  approval  of  the 
use  of  such  commercial  hardware  or  sc^tware. 


INTRODUaiON 


This  paper  describes  the  experimental  design  and  preliminary  results  obtained  in 
the  study  of  -G,  impact  acceleration  upon  the  head  and  neck  of  living  human  subjects. 
Dynamic  response,  as  used  in  this  investigation,  is  defined  as  both  angular  and  linear 
accelerations  of  the  head,  and  displacement  of  the  head  with  reference  to  the  point  on 
the  vertebral  column  where  the  input  acceleration  is  measured,  completely  time  phased. 

IVevious  stixiies  have  demonstrated  the  difficulty  of  measuring  accelerations  and 
displacements  of  the  head  and  neck  os  determined  from  a  seat  reference  point  (1 ,2). 

One  difficulty  has  been  in  the  means  of  generating  the  input  acceleration.  Many  studies 
hove  been  performed  on  acceleration  facilities  in  which  an  initial  acceleration  wos  given 
the  sled  until  it  reached  a  certain  velocity  which  then  decayed  gradually.  A  decelera¬ 
tion  device  at  the  distal  end  of  the  track  subseauently  produced  the  acceleration  input 
pulse.  A  disadvantage  of  such  a  metbod  of  producing  an  input  acceleration  pulse  was 
the  necessity  of  establishing  a  condition  of  zero  dynamic  response  prior  to  entry  into 
the  deceleration  trap.  If  the  head  and  neck  were  responding  in  any  way  to  the  initial 
acceleration  pulse  or  subsequent  velocity  decay  at  the  time  of  initiation  of  the  input 
acceleration,  the  measured  response  to  the  deceleration  pulse  would  be  confounded  to 
some  degree. 

Another  difficulty  lies  in  die  complexity  of  the  forces  acting  simultaneously  on  the 
head.  A  seated  man  who  is  restrained  by  pelvic  and  shoulder  harness  and  subjected  to 
a  -G,  acceleration  has  acceleration  transmitted  to  his  body  by  an  interaction  of  his 
body  with  the  seat  back  and  restraint  harness  (Z).  The  sled  moves  away  from  the  pelvis 
in  the  direction  of  acceleration,  but  the  pelvic  restraint  which  couples  the  man  to  the 
seat  transmits  the  acceleration  to  the  pelvis  and  thus  to  the  torso.  The  torso  then 
attempts  to  rotate  around  the  restrained  pelvis  in  the  mid-sagittal  plane  but  is  ixevented 
from  doing  so  by  the  shoulder  restraint  harness.  Both  the  pelvic  and  shoulder  harnesses 
stretch  to  their  limit  of  elasticity  for  the  input  fwce.  A  reversal  of  torso  trajectory  then 
occurs,  resulting  in  the  torso  being  forced  down  ond  back.  Concurrently,  the  torso  is 
being  moved  through  space  v/ith  the  acceleration  vehicle. 

The  head  and  neck  also  respond  to  the  accelerations  transmitted  to  it  by  the  torso 
by  describing  an  arc  with  the  center  of  mass  of  the  head  and  neck  rotating  through  space 
about  a  cent®-  of  rotation  in  the  rieck  or  neck-torso  junction  area.  In  addition,  Schul- 
man  et  al.  (2)  have  shown  that  the  nedc  is  capable  of  considerable  stretch.  Thwefore, 
displacements  of  the  head  os  measured  from  a  seat  reference  point  are  difficult  to  inter¬ 
pret  per  se  due  to  the  complexity  of  motion  of  the  entire  sled-torso-head  system. 

Accelerations  have  been  measured  on  the  head  by  Stapp  (1)  and  by  Schulman  et  al. 
(2).  Accelerometo?  used  by  Stapp  in  some  of  his  earlier  experiments  were  discontinued 
after  a  few  runs  because  of  "angular  motion  of  the  head  and  instability  of  the  helmet  on 
the  head"  (1). 
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Relative  iTX>tions  or  differential  displacements  between  the  head  and  the  torso,  as 
well  os  riie  linear  and  angular  accelerations  acting  on  the  heed,  must  be  determined  in 
order  to  develop  and  validate  either  analog  or  mathematical  representations  of  the  human 
being.  Furthermore,  and  most  importantly,  the  differential  motion  and  accelerations 
must  be  indexed  to  a  completely  defined  input  acceleration. 

Tolerance  limits  have  been  determined  for  a  range  of  values  of  certain  independent 
variables  of  input  in^ct  acceleration;  however,  these  input  values  usually  have  been 
measured  only  on  the  impact  device.  The  interaction  of  the  human  body,  restraint  sys¬ 
tem,  and  chair  during  acceleration  precludes  accurate  calculation  of  input  acceleration 
to  the  body  or  any  of  its  parts. 

There  is  no  intention  in  the  continuing  investigation  reported  here  to  determine 
tolerance  limits.  All  trials  are  within  the  tolerance  limits  previously  established  by  the 
pioneering  work  of  Stapp  and  others. 

EXPERIMENTAL  DESIGN 

In  the  design  of  this  e}g>eriment,  certain  simplifying  assumptions  were  made.  The 
first  was  ^t  all  accelerations  acting  on  the  head  and  neck  of  the  seated  pelvic-  and 
torso-restrained  individual  si^jected  to  a  -G^  acceleration  would  be  detectable  at  the 
first  thoracic  vertebra  (Tj).  The  basis  for  this  assumption  is  that  under  the  stated  cot*- 
ditioRS,  ail  accelerations  acting  on  the  heod  and  nedc  must  be  transmitted  through  the 
vert^al  column.  Only  those  additional  accelerations  transmitted  by  the  soft  tissitss 
of  the  neck  could  be  a  source  <rf  error.  Therefore,  the  accelerations  measured  ot  Ti 
serve  as  input  information  to  the  head  and  neck. 

The  second  assumption  was  that  the  head  is  a  rigid  body  and  the  third,  that  all 
significant  head  end  neck  motion  would  be  coplanar  with  the  plane  of  induced  accelo’- 
ation,  that  is,  the  mid-sogittai  plane. 

In  order  to  describe  clearly  the  complex  motion  noted  previously,  all  motion  was 
considered  as  occurring  in  four  two-dimensional  coordirKite  systems:  the  laboratory,  the 
sled,  the  spine-T  j ,  and  the  head. 

The  laboratory  coordiiKite  system  can  be  any  coordinate  system  fixed  in  the  labora¬ 
tory  throughout  the  e:q>eriment.  For  convenience,  it  was  selected  os  the  position 
occupied  by  the  sled  coordinate  system  immediately  prior  to  the  onset  of  acceleration  to 
the  sled. 

The  sled  coordinate  system  was  selected  os  an  arbitrary  visual  system  fixed  to  the 
chair  bade  with  a  known  orientation  to  gravity. 

The  Tx  coordinate  system  was  established  visually  os  a  two-point  target  system 
etched  onto  the  Tj  mount,  and  electronically  os  described  under  the  section  on  Trans¬ 
ducer  System  and  os  shown  in  Figures  1-3. 
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Transducer  mounts  and  harness,  dynamic.  This  frame  was 
taken  at  time  of  maximum  mouth-mount  displacement  relative 
toTi  mount,  run  H014,  2,7  g  (sled). 


o 


RATE  GYROS 

Figure  3 

Transducer  location  and  orientation,  schematic  dic^am. 
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The  head  coordinate  system  was  established  vistxilly  as  targets  etched  onto  the  head 
mount  (whidi  is  molded  to  the  bregma)  and  onto  the  mouth  mount  (which  is  rigidly  at¬ 
tached  to  the  teeth  and  hard  palate),  and  electronically  os  described  under  the  section 
on  Transducer  System  and  os  shown  also  in  Figures  1-3. 


The  output  or  dynamic  response  of  ihe  ntruJ  is  uefiriccS  uS  the 
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displacements,  and  accelerations  of  the  head  coordinate  system  with  reference  to  the 
spine  coordinate  system. - 


Two  redundant  systems  tracked  ihe  coordinate  systems.  In  the  first,  high-speed 
high-precision  photography  was  used  to  measure  displacements  of  the  coordinate  systems. 
The  velocities  and  st^equently  the  accelerations  can  be  determined  from  the  measured 
displacements  by  diffa'entiation  with  respect  to  time. 

The  second  system  used  inertial  reference  platform  technology  and  established  such 
a  platform  for  each  coordinate  system  of  ifie  head  and  spine.  Each  platform  (coordinate 
system)  had  high-precision  miniature  transducers  mounted  on  the  subject's  head  and  spine 
to  measure  the  accelerations.  The  velocity  and  subsequently  the  displacement  of  the 
coordinate  system  could  then  be  obtained  by  integration  of  the  measured  accelerations. 


To  cbtain  precise  anatomical  displacement  information  from  the  measured  coordinate 
system  displacements,  several  requirements  must  be  met: 

1 .  The  transducers  and  the  photographic  targets  must  be  uniquely  fixed  to  each 
individual .  This  was  satisfied  by  the  construction  of  mouth,  head,  and  spine  mounts  thot 
can  be  placed  only  in  one  position  on  each  man. 

2.  The  position  of  each  photographic  target  and  each  transducer  must  be 
determined  and  recorded  for  each  individual.  This  was  accomplished  by  X-ray  and 
photographic  anthropometry  of  each  si^ject's  head  and  neck  with  the  mounts  in  place. 

3.  The  position  of  each  transducer  and  target  in  space  must  be  determined  just 
prior  to  the  onset  of  acceleration.  This  was  met  by  the  lateral  and  posterior  camera  data 
and  by  the  dc  output  of  the  accelerometers. 


Once  the  numerical  values  of  the  anatomical  displacements  have  been  determined, 
a  comparison  can  be  performed  to  validate  the  results  obtained  by  the  use  of  either  of  the 
systems. 


A  "systems  af^oach”  was  used  for  the  entire  experiment,  and  the  equipment  and 
techniques  will  be  described  system-by-system. 
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SYSTEMS  DESIGN 


PHOTOGRAPHIC  DATA  SYSTEM 

High-precision,  pin-registered,  16-inm  movie  cameras  were  selected  to  provide 
photographic  data  coverage.  In  the  original  experimental  design,  the  camera  was  sled 
mounted,  and  the  selected  units  operated  perfectly  during  planned  accelerations.  The 
requirement  that  the  cameras  "ride"  the  sled  arose  from  the  desire  to  avoid  the  parallax 
problem  common  to  all  laboratory  mounted  (versus  sled  mounted)  cameras,  and  was 
suggested  by  the  work  of  Shulman  and  colleagues  ^).  Rates  of  500  frames/sec  were 
used  in  order  to  prevent  possible  loss  of  high-frequency  response  data. 

One  camera  was  mounted  on  the  sled  at  shoulder  level  and  to  the  right  of  the  sirf>- 
ject  with  the  film  olane  paralleling  the  plane  of  expected  motion,  that  is,  with  the 
camera  pointed  normal  to  the  mid-sagittal  plane  of  the  subject. 

A  second  identical  sled-mounted  camera  v-as  located  directly  to  the  rear  of  the 
subfect  and  at  shoulder  level .  The  purpose  of  this  camera  was  to  determine  rotations 
of  the  head  and  neck  around  the  X  and  Z  axes  of  the  torso,  os  well  as  to  determine 
motion  of  the  T  i  mount  with  respect  to  the  spine. 

Each  camera  was  fitted  with  a  sled-mounted,  high-precision,  electrical  camera 
timer  which  timed  the  center  of  shutter  opening  of  each  frame  of  film  to  within 
ilOO//  sec.  The  timers  were  reset  to  zero  simultaneously  with  the  production  of  the  Tq 
pulse  (which  is  discussed  under  the  section  on  Transducer  System),  thus  producing  posi¬ 
tive  time-locking  of  the  cameras  and  the  analog  data  on  Ae  tape  recorder. 

Photographic  lighting  during  acceleration  was  provided  by  flood  lights  "riding" 
the  sled. 

Figure  2  is  an  example  of  the  photographic  information  taken  at  the  point  of  maxi¬ 
mum  differential  head  displacement  during  a  2.7-g  (sled)  run. 

TRANSDUCER  SYSTEM 

Transducer  systems  were  established  at  three  locations. 

The  spine  (Tj)  system  was  positioned  over  the  posterior  spinous  process  of  the  first 
thoracic  vertebra  and  consisted  of  two  accelerometers  mounted  with  their  sensitive  axes 
at  right  angles  in  the  mid-sagittal  plane,  and  a  rate  gyro  with  the  sensitive  axis  perpen¬ 
dicular  to  the  mid-sagittal  plane  of  the  subject. 

The  head  system  was  positioned  ova-  the  bregma  (back  of  the  heod)  of  the  subject 
and  consisted  of  two  accelerometers  mounted  with  their  sensitive  axes  at  right  angles  to 
one  another  in  the  mid-sagittal  plane. 
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The  mouth  system  was  positioned  by  a  bite-block  and  consisted  of  a  duplicate 
of  the  spine  system. 

The  head  and  mouth  system  outputs  were  combined  to  form  a  single  head  output  as 
described  in  the  Data  System  section.  The  outputs  of  the  head  system  and  those  of  the 
spine  system  were  used  to  track,  each  with  respect  to  the  laboratory  coordinate  system. 
The  accelerations  and  displacements  of  the  spine  were  then  subtracted  from  those  of  the 
head  to  produce  differential  head-output  date  relative  to  the  spine  system  input. 

The  transducers  selected  consisted  of  force-balance  accelerometers  and  rate  gyro¬ 
scopes.  The  accelerometers  weighed  0.5  ounce  each,  while  the  rate  gyros  weighed 
approximately  3  ounces. 

The  selection  of  transducers  and  the  remainder  of  the  electronic  data  train  was 
made  to  limit  the  overall  system  error  to  0.5  per  cent.  This  criterion,  plus  the  planned 
experimental  program,  dictated  the  choice  of  :i25-g  linear  accelerometers  having  a 
maximum  error  of  0.1  per  cent  full  scale,  and  d5000  deg/sec  rote  gyros  with  a  maxi¬ 
mum  error  of  0.5  per  cent  full  scale  within  the  range  of  expected  angular  rates. 

Transducer  outputs  were  hard  wired  to  an  Ampex  FR1800L  tape  recorder  at  ^e 
accelerator  site.  Time-locking  of  the  transducer  recording  with  the  photographic  data 
system  was  accomplished  by  utilizing  a  square  wave  electrical  pulse  (Fq  pulse)  to  reset 
the  camera  timers  to  zero  while  recording  the  pulse  on  one  of  the  tape  dxmnels. 

The  time  axis  of  the  experiment  was  established  by  the  lOO-kHz  crystal  oscillator 
in  the  tape  recorder  phase  lock  system.  Al!  transducer  outputs  recorded  wer'^  phased  fo 
this  time  reference. 

The  tape  recording  was  then  played  bad:  by  an  identical  recorder  through  an  analog- 
to-digital  converter,  interfaced  to  a  Univac  418  digital  computer. 

MOUNTING  SYSTEM 

Mounting  of  transducers  on  living  human  anatomy  is  a  difficult  procedure  if  valid 
information  is  to  be  collected.  The  following  constraints  vf&e  used  in  the  development 
of  riie  mounting  systems: 

1.  Spurious  morion  of  the  transdursi  module  must  be  held  to  a  minimum. 

2.  The  skin  of  the  subfect  must  not  be  broken. 

3.  The  mounting  platform  must  present  no  danger  to  the  subject. 

4.  Rapid  and  eo^  donning  and  doffing  must  be  allowed,  and  rapid  dionging 
of  the  transducer  module  from  one  anoromical  module  to  another  must  be  permitted. 
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5.  Weight  must  be  held  to  a  minimum,  yet  strength  must  be  sufficient  to 
withstand  expected  accelerations. 

It  was  determined  that  a  mount  consisting  of  three  modules  was  required  at  each 
transducer  system  location  on  the  head  and  spine.  One  module  was  required  to  obtain 
conformity  to  the  subject's  anatomy  in  a  completely  repeatable  way;  the  second  was  re¬ 
quired  to  maintain  the  transducers  in  a  known  standard  configuration;  and  the  third  was 
required  to  mate  the  individual  anatomical  modules  to  the  common  transducer  modules. 

Three  mounts  were  designed:  The  Tj  (spine)  mount,  the  bregma  O^ead)  mount,  and 
the  rno’jth  mount.  The  mouth  mount  and  head  mount  were  designed  to  compress  the  skull 
between  them,  thus  preventing  moticxr  relative  to  the  head  during  acceleration. 

The  Tj  anatomical  module  was  constructed  by  making  a  pressure  mold  of  the  spinal 
column  of  the  subject  from  Cg  through  T3  and  cutting  it  to  fit  arxitomically. 

A  pressure  mold  of  the  back  of  the  shaven  head  of  the  subject  was  used  to  construct 
the  head  anatomical  nxxlule. 

The  mouth  anator..:c='  rrodule  was  constructed  by  makirig  a  metal  casting  of  the 
upper  jaw,  and  making  provision  for  rigid  attachment  to  Hie  transducer  module. 

The  connections  between  Hie  head  and  mouth  mounts  were  established  and  maintained 
under  constant  pressure  by  a  harness.  (See  Figures  1  and  2.) 

The  T^  mount  was  secured  by  a  harness  which  maintained  the  mount  on  the  selected 
site  under  considerable  pressure.  The  acceleration  pulse  drove  the  mount  against  its 
spinal  anchor  point,  thus  in^oving  stobility  during  the  dynamic  event. 

The  three  mounts  were  thus  installed  in  a  precisely  repeatable  location  for  each 
run.  When  the  mounts  were  constructed  for  eadi  subject,  the  tronsducer  modules  were 
installed  on  the  center  line  so  that  each  was  coplanor  with  the  other  two.  Once  these 
relationships  were  established,  changing  the  mounts  from  one  subject  to  another  was  a 
short  and  easy  task. 

Immediately  prior  to  eadi  run,  the  subject  was  positioned  so  that  all  transducer 
systems  were  coplonar  in  the  mid-sagittal  plane  (or  plane  expected  induced  movement). 

Motion  of  the  mounts  relotive  to  the  anatomical  mounting  site  would  produce 
spurious  displacements  and  accelerations  as  measured  both  instrumental  ly  and  photo¬ 
graphically.  It  was  thus  necessary  to  determine  the  presence  or  absence  of  such  relative 
motion. 

Motion  erf  the  T i  mount  relative  tc  the  spine  was  determined  photographically  by 
the  posterior  and  lateral  cameras.  To  date,  no  significant  spurious  motion  has  been 
detected. 
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Motion  of  the  head  mount  relative  to  the  mouth  mount  can  be  determined  both  instru- 
mentaily  and  (^otographically.  The  instantaneous  relationship  of  the  two  mounts  was 
derived  mathematically  from  the  analog  recording.  If  the  distance  between  them  changed 
significantly,  the  resulting  spurious  data  were  noted. 

The  distance  between  the  head  and  mouth  mounts  was  measured  photographically  on 
the  frame  of  film  taken  at  the  instant  of  greatest  head  accel^otion.  No  change  was  de~ 
tected  within  rfie  limit  of  resolution  of  the  photographic  system,  which  is  0.25  cm.  This 
was  checked  routinely  in  the  photographic  data  reduction  process. 

DATA  SYSTEM 

The  electronic  data  train  used  in  these  e^qaeriments  was  designed  to  minimize  the 
manhours  required  to  obtain  the  desired  measurements  and  to  inwove  their  accuracy. 
Although  high-speed  photography  is  simple  and  useful  for  data  collection,  the  analysis 
of  the  films  requires  an  inordinate  amount  cX  time  and  does  not  lend  itself  to  the  deter¬ 
mination  of  instantaneous  accelerations. 

The  redundant  transducer  system  was  chosen  to  permit  the  instantaneous  assessment 
of  the  differential  relationships  between  the  head  and  nedc  of  the  subject  and  permitted 
tradcing  the  linear  and  angular  components  of  the  head  and  neck  of  the  subject  in 
inertial  space. 

The  electronic  data  train  used  to  record  and  con^>ute  the  outputs  of  the  transducers 
is  diagranvned  in  Rgure  4.  The  greatest  source  of  error  in  the  system  was  contributed 
by  the  analog  magnetic  tape  recorder.  A  state-of-ihe-art  recorder  having  on  ova-all 
signal-to-noise  ratio  of  53  dB,  or  about  C.5  per  cent  root  mean  square  noise,  was 
selected.  The  remainder  of  the  data  train  was  chosen  to  reduce  all  other  rx>ise  and 
iiKiccuracy  to  an  insignificant  level.  The  recorder  was  calibrated  at  the  time  of  each 
experimental  run  in  order  to  achieve  the  full  benefits  of  the  recorder  specafi cations. 

Signals  leaving  the  trartsducers  were  amplified  and  scaled  by  integrated  circuit 
<:^>eratiorKil  amplifiers.  These  units  were  designed  to  permit  the  experimenter  to  expand 
the  range  of  the  transducer  outputs  so  that  the  expected  range  of  experimental  output 
corresponded  roughly  to  full  range  on  the  tape  recorder.  The  setting  was  done  with 
switchable  resistor  networks,  and  the  stability  of  the  amplifiers  was  such  that  monthly 
calibration  was  sufficient  to  guarantee  a  maximum  error  of  O.T  per  c^t. 

The  analog  tape  recorder  used  a  phose-locked  tape  speed  servo  to  provide  short¬ 
term  coitsta.icy  and  linearity,  but  the  electronic  sterility  was  such  that  frequent  recali¬ 
bration  was  necessray.  In  addition,  the  machine  used  to  reproduce  the  analog  signals 
was  also  used  u/  onother  experimenter  in  the  Persacola  lobcxatories,  so  frec^uent 
calibraticxi  changes  (x>'iid  occur.  To  minimize  the  time  and  effort  required  to  retain 
system  accuracy,  a  calibiation  sec^uence  was  built  into  the  system  immediately  prior  to 
each  experimental  run.  This  sequer<c:e  recorded  a  series  of  constant  voltage  levels  on 
each  channel  of  the  tape  reccxd^.  Durii^  subsequent  data  reduction,  the  output 
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Data  troln  schemaHc. 


voltage  levels  of  the  calibration  sequence  were  used  to  generate  a  first-order  trans¬ 
formation  to  calibrate  the  incoming  data. 

The  data  were  san^ied  at  2000  sampies/sec  with  a  10-bit  accuracy,  and  transmitted 
to  the  core  of  the  Univac  418  for  processing.  The  mounts  shown  in  Figure  3  {xovided 
eight  data  drannels  which,  along  with  a  diair  accelerometer  trade,  were  digitized  in 
two  passes  over  the  tape,  the  passes  being  synchronized  by  the  100-kHz  signal  recorded 
for  the  recorder  phase— lock  servo.  Once  the  data  were  resident  in  the  computer,  a 
series  of  processing  programs  was  applied  to  them.  The  first  program  det^mined  the 
calibration  transformation  mentioned  earlier  and  combined  it  with  punched  card  data 
from  the  transducer  and  amplifier  calibration  curves  in  order  to  convert  the  digitized 
data  into  units  of  cn\/msec®,  and  rad/trsec. 

In  a  second  processing  routine,  data  transcribed  from  a  single  photographic  frame 
(still  or  motion  picture)  w«-e  used  to  determine  the  initial  positions  of  the  head  and 
neck  of  the  subject  with  respect  to  a  gravitational  coordinate  system.  Simultaneously, 
transducer  data  obtained  immediately  before  impact  were  used  to  determine  the  initial 
position  of  the  transducers  in  the  system.  The  results  from  the  initial -condition  routine 
w^e  retained  for  later  use  in  processing. 

The  first  data  manipulation  step  involved  transforming  the  two  sets  of  head  acceler¬ 
ation  into  a  pair  cf  accelerations  parallel  to  the  line  joining  the  sets  of  transducers  and 
a  pair  of  accelerations  perpendicular  to  this  line.  The  accelerations  were  then  averaged 
to  produce  a  single  pair  of  mutually  perpendicular  accelerations  referenced  to  the 
mid-point  df  the  line.  This  maneuver  ^Tectively  eiiminoted  angular  accelerations  from 
the  tai^entiol  accelerations,  and  angular  velocity  (centripetal)  effects  from  the  radial 
accelerations. 

Integrating  the  rote  gyroscope  outputs  to  obtain  the  ongular  orientations  of  the  head 
and  spine  as  a  function  of  time  was  the  nejd  step.  When  the  angles  were  obtained^  the 
pair  <rf  accelerations  representing  the  head  and  the  pair  representing  the  spine  wee 
transformed  to  obtain  accelerations  parallel  and  perpendiculcif  to  gravity.  Afte  sub¬ 
tracting  1  g  from  the  vertical  channels,  the  data  wcje  integrated  twice  to  obtain  the 
deired  velodties  and  positions.  A?  s  final  step,  the  spine  positions  were  subtracted 
from  those  d  the  head  to  detemine  the  difreential  measure. 

All  of  riie  data  wee  then  available  fe  plotting  w  ee  in  further  analysis.  While 
thee  ore  currently  no  reults  ovaildile  beyond  the  diffeential  measure,  it  is  antici¬ 
pated  that  the  data  will  be  eed  in  vorioe  modeling  programs,  and  will  be  furthe 
analyzed  as  to  frequency  components,  et  cetera. 

The  decri|4ion  the  far  has  involved  only  the  manipulation  of  the  electronic  data 
train.  In  ede  to  validate  these  data  and  permit  comparison,  it  was  necessary  to  process 
the  photographic  data  from  the  high-«peed  motion  pictures. 


The  photogra^ic  data  were  digitized  by  recording  the  position  of  various  target 
points  on  punched  cards.  The  cards  were  then  processed  by  the  computer  to  obtain  the 
same  differential  measures  which  were  the  final  results  from  the  transducer  train.  The 
photo  data  were  further  interpolated  to  corr^pond  in  time  to  the  transducer  samples. 

A  plot  comparison  was  then  done.  Although  it  was  possible  to  compute  velocities  and 
accelerations  from  the  photo  data,  numerical  differentiation  is  inherently  a  noisy 
process,  and  it  was  felt  that  the  ultimate  position  comparison  was  a  mwe  meaningful 
meosiH'e  to  use  for  validaticxi. 

ACCELERATOR  SYSTEM 

Precise  determination  of  dynamic  respcmse  with  the  instrumentation  systems  utilized 
require  that  the  sub|ect  be  initially  at  rest. 

An  acceleration  device  designed,  constructed,  and  operated  by  Wayne  State  Uni¬ 
versity  Biomechanics  Research  Center  was  modified  for  use  in  this  investigation  by  adding 
the  numeroiK  safety  redundancies  required  for  man-rating. 

A  sled  was  designed  and  constructed  for  this  project,  having  a  steel  seat  which  per¬ 
mits  forward  and  bacicward  tilting  in  the  mid-sagittal  plane  as  well  os  rotation  in  the 
horizontal  plane.  A  modified  aircraft  lap  belt,  shoulder  straps  with  an  inverted  V,  and 
a  chest  safety  strap  formed  the  restraint  harness. 

Seat  back  and  shoulder  harness  heights  were  made  adjustable  to  the  individual,  thus 
achieving  maximum  si^ject  safety  and  restraint  during  acceleration  and  deceleration. 

This  also  permitted  unhampered  photography  of  the  Tj  mount  and  the  rear  of  the  head 
and  neck. 

SAFETY 

Safety  system  redundancies  included: 

1.  Written  countdown  procedure. 

2.  Pressure  chedcing  at  the  firirrg  console  and  at  the  accumulator,  by  separate 

pasons. 

3.  Checking  of  reported  pressures  against  scheduled  fxessures  by  a  third  party 
prior  to  firing. 

4.  Two  key  firing  switches  located  at  widely  s^sarated  positions. 

5.  Warning  horn. 

6.  Strict  operating  discipline. 

7.  Multiple  abort  switches  located  in  widely  spaced  positions  in  the  laboratory. 

8.  Dual  hydraulic  braking  master  cylinders  activoting  one  set  of  brake  droes  on 
each  side. 

9.  "Lost  dxince"  emergency  braking  system  consisting  of  polystyrene  foam  logs. 

10.  Two-to-one  safety  factor  dytKimic  proof  testing  of  the  entire  sled  system 
and  all  components  (X'ior  to  human  runs. 

11.  Fail-safe  siAject-controlled  abort  switch. 
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APPUCATION 


SUBJEa  SELECTION 

Volunteer  subjects  from  the  28th  Artillery  Group,  U.S.  Army  Air  Defense  Command, 
were  initially  screened  carefully  by  medical  history,  examination  of  personnel  and  health 
records,  and  independent  interviews  with  two  flight  surgeons. 

The  prospedive  strbjects  remaining  after  the  screening  were  measured  anthropometric 
cally,  and  prelimiiKny  selection  was  based  on  the  single  criterion  of  sitting  height. 
Volunteers  were  sdected  from  the  5th,  95th,  aixi  50th  percentiles  of  the  U.  S.  Navy 
Anthropometric  Survey  of  1964  (3),  thus  facilitoting  the  use  of  subject  sitting  height  as 
an  independent  variable  in  the  exp^-iment. 

Candidates  surviving  the  second  selection  were  then  examined  thoroughly  by 
specialists  in  aerospace  medicine,  dentistry,  orthodontics,  orthopedics,  radiology, 
otorhinolaryngology,  ophthalmology,  neurology  and  psychiatry,  and  vestibular  physiology. 
All  candidates  qualified  in  these  examinations  became  subjects  in  the  shxiy,  but  only 
5  of  the  original  30  volunteers  successfully  completed  the  entire  selection  process. 

Two  flight  surgeons  of  the  reseordi  team,  who  were  physicolly  qualified  by  the 
same  standards,  volunteered  for  duty  and  made  experimental  runs  as  subjects  at  eadi 
acceleration  level. 

Prior  to  a  run,  eadi  sd)ject  was  giv^  a  physicol  examination  and  a  urinalysis  and 
a  careful  interim  medical  history  wcu  obtained. 

Following  eadi  run,  the  subject  was  carefully  examined  and  studies  made  of  his 
vestibular  function,  cardiac  and  neurological  status,  and  urine.  A  24-hour  post-run 
history  was  taken  prior  to  his  next  run. 

PREUfwBNARY  RESULTS 

A  short  program  of  "ddiugging”  runs  with  living  human  subjects  permitted  evaluation 
of  various  types  of  photographic  targets  and  their  sites.  It  was  found  that  the  painted  skin 
on  the  head  was  much  too  elastic  to  permit  accurate  measurement  of  head  displacement, 
ond  that  targets  pcsted  on  the  skin  interfered  with  skin  dynamic  response  even  at  the  low 
accelerations  of  those  runs. 

Qualitotive  information  concerning  the  dynamic  response  of  the  head  and  nedc  vras 
obtained  from  the  photo  data  system  on  those  runs.  The  head  and  nedc  translated  linearly 
rearward  almost  os  a  unit  until  a  limit  was  reached.  The  head  then  began  a  rotation  a- 
boot  a  center  where  the  head  and  neck  joined,  while  the  necJc  itself  rotated  dcwnvwird. 
The  neck  readied  its  maximum  rotation  from  the  vertical  at  approximately  the  time  that 
displacement  of  the  head  from  the  Ti  mount  reached  a  maximum  value. 
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QuantifaHve  data  from  those  runs  are  limited  due  to  Hie  incomplete  state  of  computer 
program  "drugging.”  At  this  time  the  complete  data  train  has  not  been  used,  although 
programming  has  been  completed.  However,  prelimirKiry  analysis  has  yielded  some 
quantitative  data. 

Unccrrected  analog  outputs  from  transducers  mounted  only  on  the  spine  and  at  the 
mouth  are  presented  in  Figure  5  for  run  H015  to  demonstrate  the  time  phasing  of  the 
human-mounted  transducer  outputs  relative  to  the  sled  accelerometer  outputs  and  to 
eadi  o*her. 

On  that  run,  the  input  variables  included  rate  of  onset  of  sled  acceleration  of 
140  g/sec,  peak  sled  acceleration  2.8  g,  and  duration  of  sled  accelerotion  pulse 
of  440  milliseconds.  The  subject's  sitting  height  was  36.2  inches,  or  50th  percentile^ 
according  to  the  Navy  study  (3). 

Uncorrected  digitized  data  from  the  analog  recording  transducer  outputs  of  that 
run  are  presented  in  To^le  I. 

The  firKil  analysis  will  be  of  much  greater  detail  and  in  a  different  format. 

Data  obtained  from  photographic  amlysis  ore  demonstrated  in  Figure  6  for  a  2.7-g 
(sled)  peak.  While  only  two  output  vorioblcss  ore  given  in  that  figure,  the  final  analysis 
will  include  nine.  The  data  will  also  be  analyzed  for  five  independent  input  vorii^les. 

No  conyxnisons  ore  presented  in  this  report  but  are  being  performed. 


Table  I 


Time  Relationships  and  Magnitudes  of  Porameters  of  Run  H015 


Time  after  Orwet 
of  Acceleration, 
(Milliseconds) 

Magnitude 

Peak  sled  acceleration 

20 

2.8  g 

Peak  T i  resultant  acceleration 

40 

4.9  g 

Peak  head  resultant  acceleration 

85 

7.6  g 

Peak  Tj  angular  rote 

100 

200  deg/sec 

Peak  head  angular  rote 

105 

550  deg/sec 
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Figure  5 


Time-frf»sed  mouth  and  spine  measurements,  derived  from 
transducer  system  outputs,  run  H015,  2.7  g  (sled). 
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DISPLACEMENT  (CENTIMETERS)  ANGLE  (RADIANS) 


Figure  6 

Time-fihased  head  and  spine  trorisdocer  system  outputs,  run  H015,  2.7  g  ^ied). 
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Under  the  direction  of  the  principal  author,  a  joint  Army-Navy  research  sh>dy,  in 
cooperation  with  Wayne  State  University,  is  underway  to  determine  the  dynamic  response 
of  the  head  arid  neck  of  living  human  subjects  to  -Gj^  impact  acceleration,  using  transducers 
to  measure  differential  displac«nents  atxi  differential  angular  and  linear  accelerations  cS 
the  head  with  reference  to  the  base  of  the  neck  in  response  to  the  input  acceleration  measured 
at  that  point.  A  redundant  photographic  data  system  is  being  used  for  validation.  fVelinunary 
results  are  presented. 
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